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Ahsfracf-’l’his  pa]m dcscritm  h Syslcm
integration ad tc.st cxpcIicIIc.e.s, problems and
lessons learned (Iuril)g [hc assembly, test d
launch  operations (A”ll .0) ]hase  of h Ma!s
l’alhfindcr  flight sys[cIII sclIcclulcd  to land m
the surface.  of Mm on Ju1 y 4, 199-/. Mars
}’a(hfindcr is one of the ncw series of sniall,
challc.nging missimls doitlg significant
scicrlcc/ctlgit  lccrillg  cm a fast schcciule ald
mst  capped lmdgct. l’atllfi[ldcr  follows in tk
J_ootstcps  at]d  goes tw.yol]ci  the vc.ry successful
V]king mission of 1976.

‘1’IIc Mars l’athfindm  s])acccraf[ is actually
three spacecraft: cnlisc stage, cnt ry vch iclc
and ]aJKICJ’. “l”hc cmisc stage carries tk entry
and Ian(lcr vcl]iclcs to Mars and is jcttisoncc]
prior 10 entry. ‘l”k retry vc.hiclc,  iJdudiJ~g
:iC.J’(XhC.t  ] , ]XiJ’~Ch UtC aJIC!  dC,CC.]CJ’a(i OJ) JTKkd  S,

pmtccts  the lander  duJ ing [Ilc (iircct entry aIl(l
ld\lCCS  itS VC]OCitY  fJOIIl  7.6 [0 ( )  klldS iJl

sta~cs dLIJ”iJl~  tllc. 5  lni]lutc.  CJltl’y SUpJCJICC.
‘I”hc l:III(lCJ’S  tOLJCh(lOWJI  is sof(cmc(] by aiJk~gs
w h i c h  21J’C J’Ctl’actd  Ollcc Stoppd  011  tllc

Slll”facc, ‘1’llc lan(lcr thcll uprights itself, qm]s
11])  fully al)(i bcgi Jls Sill fa(:c opuations

[ 1 ] “llIc wmk (Icsc[it)cd  ia [hi< lmpci wa< ])CI [w IIKXI at

(IIC Jet l’lopulsioa 1,almatory, (Ialif(mia  IIls(itutc  of
‘1’c.clmolo::y,  u n d e r a  COIIIIW[ wi(h [IIC Na(iollal

Actonaa(ics all(l  Spacx A(lr]lit[is[ratic) rl.

iJ~cluding dc.ploying  its canma and rover.  At
tlm tiJnc of this writing tllc sllacccraft is OIIC
Ill(mth  floJN latlnch (]~CC.  2, 1 996) following
all  ] 8 JIK)Jlth  dCVC]C)plllC1lt  :{JIC]  ] 8 JIK)l)t]l

iJ)tcgralioJ)  and test Cycle.

‘1’his  J)a])CJ  owxvicws tllc Systcm (Icsign  aJl(i
tlIc JcsLIlts  of the system iJ)tcgl atioJ] aJl(l test
a c t i v i t i e s ,  itlcluding  the cntJy, dc.sccJlt  and
landing subsystem dCJIICIltS. Systcm t e s t

C. X]) CIiCJICCS  illC]UdiJl~  SCjCJ’lU!  iJIStJ”LIJHCJltS,  (!1C

Jniclolovc], so@J’ncr, alId sof tware  are
(lisclJsscd. ‘1’IIc  fiJlal  qualificatioJl  of three
c.lltry,  dcscut  ancl lan(iiJ)g  (1 {1>1.) subsystems
during, this period is also discussed. Valuab]c
k. SSOJ}S  learned dLJJ’ilI/, this phase of
(icvclopJncJlt are discussed from the point of
view of the new ways of” doi Jlg business
Ilcdcd to acconlplish tl~is chal]cngillg
Jnission within the Schcdlllc  aJlcl cost
cwJlstraints while sti l l  lIIiJ]imiziIlg  missjcm
Jisk. SNJIIJII:itY c o s t da[a slmwjng  tl)c.

c.volution o f  t h e  blld~c[ plaIIs i s  a l s o
]NCSCIIIC(I.

At t]lc. time of (!K fiJla] c({ll of I]]is ]MpcJ” the

N4 al’s l’athfiJl(lcr Spam:r af( /12[S  bCCJl

suc.ccssfully  launcllc(i and is on i t s  way 10
h4ars with :il] subsystcnls  o~ma[in$ norJnally’.
W C are. WC1l witl)iJ)  OLIJ  COSI cap of$171 M.
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‘lllc mission o[)jcctivc.s  of Mars 1’atl~fIIKkI
arc.:

. lkIIIonstra(c  a simple, reliable and low
cost systclll for placing scicncz ]Jayloa(is
of] tk sL]rfEEccof hfl:irs.

G l)clll(~lls(l`:i[c.  NA~A'scc>Jllr~~  itI~lc~ll(olo\v
cost ]Jlalle.larycxlJlolatioll.

●  A s s e s s  t h e  strLIc.ture.  of the Maltiall
at mosphm, dckrminc clcIIlciltal
cx)lnposi(ion of rocks ancl soil, invcslifiatc
surface geology and mimralogy of rocks
and a c q u i r e  lnc.tcomlogy  data at  IIIC
surface.

● Ikmonstra.tc the mobility anti usefulllms
of a miu 01 over m} tlIc SLII Face. of h4ars,

‘Illis paper is writ(c.n  at a point ill IIN ])IOJCCI
wlIcrc all flip,h[ ha] dwarc llavc bc.c.n (iclivcl  cd,
intcgl-atioil  llitS  k.]] Colnplckxl,  sys[clll
futldiond  ald c[lvironnvmlal  tests IIavr Ix:c.11
C’Oll”)plct(xi  a n d  111(:  Spacccl”aft  S[ands r(xl(ly  fol

launch  at ~lq)c.  ~:anavc.1  a l . lhl(lgcl  a?l(l

schdu]c  rcscrvcs  alqwar t o  have. txxx~
adequate to kcc.])  the projccl  withit~ its orig, illa]
scl Icdul(;  and I)udgct  c o n s t r a i n t s . ‘1’his  i s  110

sInall  fcaf, as some of our most senior lcvicw

board mclllbe.rs  commmtc(l  OII (}IC f a d  that
they never thought we’d make. it. This paper
dcscribcs  tlIc spacecraf t  assc~nbly,  [c.st and
laLlnch o])c.rations  (A”]’] 0) ap]mach  that has
mm together [0 produm onc of (IK most
cxcitil)g anti dcnnanding space Illissions of lhc
las( 20 yc:irs.

l’alhfindcr  f o l l o w s  ill tllc footstc.ps of t}]c
Successful Viki Ilg Illission of 1976.
l’a(hfindcu  drew l]cavily on the cxpcricncc  of
tl]c Viking  I]lission includill~ Ic.st  data, fli~ht
data and solnr clcsip,  n cwlIccI)ts  (parachute ancl
mmhcll).  I IowcvcI, with tllc cxccplion  of
tllc full sca]c,  high altitude dm~) test prograln,
l’athfindcr  pcI fo; Ild the same genera] level
of Stlbsystc.m am] systcm verification as
Viking  did, at a nlmh lower cost.

‘1’hc flight systcln dismsscd here is defined as
tllc spacecraft with ttle. scic~lcc.  instrulncl~ts
and rover. Oncc dclivcrcd fo r  intcgratiml
(I)ccclntxx, 1 995), the. sciclm.c  instruments
and the rover bccamc part of [k fli~ht  sysktn.

2. MISSION IWSCJUPTION

A single. Mars l’athfindcr  flight system, S11OWI1
iJl lauJd)  coJ]fig,uration  iJl l;igLlrc  1, will  bc
lauJ]chcd  [o Mars iJl t}lc period 1 kccJnt)cr 2,
1996 t o  lkcctnt)cr  31, 1996.  ‘]hC IIclta I I
]~llJKi  vchiclc  puts  thC  spacecraft 011 a ‘1’Y])C I

[I ajcctory  for a lamliJ~p,  011 tl~c surfxc of h4ars
at Am Vallcs  (19.5 N anti 32.8 W) on .lLdy 4,
199’/’. ‘1’his laJding s i l t  i s  at)out  1000 kJn
floJn the Viki Jlg 1 sil t .  ‘1’tlc f“ti~,hl  systcm i s
IIIadC u]) o f  3 ma]or clcmcIIls  (SIIOWII  in
l;ip,LIJc  2. in cx])lodcd view) IIavil]$ distiJ)ctly
diffcmmt  ftlllctioJls:  1 ) cruise s(agc, 2) cJltry
vclliclc,  and 3) landcl. ‘1’l~c flight systcJn is
s])il] stabilized  da Jil)g cmisc, spinning at 2
1])11), witt~ the spin axis and IIlc.(iiuln gain
nTltcJIJ)a  ])oil)td  pJ’i Jtlarily  to ]iarth. An ]’kth
lmiI)t  at(itu(lc (wil}lill  almut 40 dc~rc.cs  of the



Su]l) i s  main(aitd  until Mars atmosphcm
clltly, cxccpt (iu~ing  [hc firs[ 2 of 4 trajectory
con cctim mancuvm. Ikwnlilk
cmlnnlut~ication  (mainly to 34]]) lXN stations)
is through a fixed medium gain al)bmna at 40
b]m. IXlring normal crl]isc tlm spacecraft is
quid,  will] al(i(u(ic  control (iisablc(i bctwccn
t i le  tilrcc (imrs pcr w e e k  coll]l]ll]tlicali(~]ls
pcli(xls. ‘1’hilty Ininutcs bc.fol c  h4als
atlnc@lc.lc cm)tact,  ti~c flig}lt  syslc.JI) w i l l
.ic.ttison  ils cwisc sla~c aIId clltcv directly inlo
It)c M a r s  at Jlmpl)crc,  b r a k i n g  witil  an

acroslIcli ( t h e  co]nbinalion  d tile backslw.11
:Illd  lma[shicld),  ]~arachutc.,  sII~a]] so]i{]
mtrorockcls  and air ba~s in wljat  is called [hc
c.n~ry,  cicsccIlt  a]~d lamiing (1 i]>],) phase. ‘JIIc
cI~lry vclocily  is ‘7.6 kJn/scc (1 7,100 ml)]])
mlnparcxi  with Viking>s 4,6 kJn/scc ctltJy

fl om orbit. Mars l’athfindcr’s  cntly  ang]c is
1 d.~ dCg. (!)0 (kg. WOU]d bC Stl[tighf  (iOWJl)

al](i the peak atlnosphcric (iccclcraticm  loa(i of
about  20 g’s is cncountcrcxi  at 30 km atmvc.
tllc surface. “J’hc a tmospher ic  stlucturc
iIlstl  umcJI(  (ASI) takes mc’.asurcll”mlts  during

this phase to (ictcrlnim ahnosphcric  dcmsity
distritmtioll  llsin~ atmospheric dmclcration,
]>] cSS1lI”C  all(i  (CJll])CI’:lt  111’C. ‘] ’llC.  ]):il  dlLl[C  iS

(icployc(i  at about  Mach 2.? (1 500 ]k]~)ll) at 9
kn] alliladc, 1 ()() Sccomts bcfol c laJ)diJ)g.

lhlrin~  tlIe  lil)l.  phase, only the c.aJ[icI will t)c

tl”allsi))itld  to ]{aJ(l], Various CVCII(S wi]]  l)c

(Iiscmlcd  fro]])  IIIC (Iopplcr  sig[latlJlc.  A
l)i Jlary frcqucllcy  mmiulation  tcctlniquc  i s
usc.d to signal specific events such as )lcat
shield sc]~aration  and acquisition] of altimc.tcr
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si~,llal. SoJid rodcts  sta It firing  at <90 II)
from the surfacx at](l  SJOW the dc.scent fmrn 65
Ids too. ‘1’hctmidlc is cut at <30 m from tk
surface. and l%thfindu thcm free falls to a
Jaldii]g at Jcss tllar)  15 m/s (33 mph) vertical
ad u!) [0 2 ( J  111/s (44 ]nph) holimmlal
vc.locity. l,andil]g  loads arc li]nitd (0 <45 ~’s
llsillp, an a i r  tmg syslc]l)  dcsigtlc.d  Wi(]l
suffjcicllt  s(roke. to acxx)ll)ll)odatc  1/2 ]11 s i z e

rocks witl)out  contac(iltg  t h e  l a n d e r . ‘J’llc

landc]  hOllllCCS  al](i  10]iS  (() a SIO~).  Afkr I ] ( )
nmc. motion i s  dctcctcd, (1K airbags arc
deflated by opclling  a vent at~d arc rctrac.tc.d
back 10 the pdal  surfaces. ‘1’hc la])dcr thin)
ri~hts itself using 3 actuators whit]) opc.11  tllc
petals of [Ilc [drahcdral la[ldcr like. a flower.

‘J’hc pcta]s have solar pads ml (heir inside.
sLllfaccs  wl)icll  power tl]c s p a c e c r a f t  f o r
smfam o])crations. ‘f’tlc l a n d e r  fully
awc.mblccl,  in the. final stages of assembly at
KS(;, is shown in J~igurc  3. l;igurc 4 shows
it~c clcploycd  lander. After upri~,ll[iltg and
o~millg, the lander  will filst trans]])it  storcxl
J{l~I. data ancl rca] tinlc Ial]dc.r  and r o v e r
cl]p,imclinp, tclc]llc[ry,  conlplcting  a  Illajor
[Ilissioll  o[)jcctivc. llndcs lloll~iml  Collc]itiol)s,
t!Ic stereo imagcr  for Mars f’atl]fil](lcr  (lh41’)
will tllc[l  he. dc]~loycd (() locate  lt]c sun 10
dc.tcmlinc  o f ’  t h e  la]l(?cl  micn[ation all(i

lllcId)y to cIlat)lc hip,h gaitl  aIltCIllli3

collllllLlt~ic:itic~ll  dire.dly to liarlh. lM1’ will
llml usc its 12 spcdral  cllar]ncl,  (;(’J] camera



l;i~urc  3. I mdcJ,  1 ;ully  ASSCJIIblCCl

10 gcnma[c a panorama of the su]fmc, image
(l]ca[tllos])llclcat]  clstl]~l)or(  rovcttlaviga(iol~.

1( is planned (0 dcp]oytllc  rover for the starl
of its surface operations missio~]  on the first
(lay. “1’hC I’ovm COllduCts surface mobili[y
Cx])crimcn[s, i m a g e s  r o d s  and soil aid
deploys Itlc :lll~}la-X-ray-])rotoli”  S1)CCIK)]KICJ
(AI’XS) f o r  lnaking  clcmcr](a]  composi[ioll
]llc[t.sLllci]lcl)ls  of soil arid locks. ‘J’hc mobile
I’OVCI  ulablcs di[cct lncasutcl[lc?]ts of Mals
rocks to dc(crlllillc  mineralogy wl)icl] was no[
lx)ssil)lc  oll (I]c Viking missiol~,  ‘J’ilc rove]
cwrics forward :ind aft lookil]g calncras  for
dc]mllstratii)g  autonoltlotls  ham d avoi(ial)cc
afKi ilnag,ing its local surmu~lfii[lgs, soil and
rocks, all(l tl]c lan(icI’.

‘J’llc ]allclcl  primary lnissiort is tl]irlv SOIS (1
J---..\.sol = 2.4.6 llrs). Nearly 100% of all lander  aII(l

mvcr cn,ginccri]lg  ancl science objcc(ives  will
be achieved in [hc firs( few days of surFdcc
opcratiolls.  CItrrcntly,  no constraill[s plccl[l(ic
opcratiol]s  of  tile lander  bcyol](i tl)c prilnaly
lt]issior~ alll]ougtl  lifctilllc  i s  Itiost l i k e l y
litl]itc{l  I)y tim ba(tcly cycle life and la rge
tllcrlll:il  Cycle (-40 (o +40 each sol) Stlcss 01)
so]lm clcc[lol)ic  asscml]lics.

‘ll)c asscmt)ly, (CS[ and Iaunc]l  opcratior)s
(A’J’J ,0) Jhasc w a s  planllcci  and star(cd it)
mi(i-JuI~c, 1995 fol an 18 month ~)clio(i,

‘1’llis
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was all t]nusually  long ATI,0 phase for a 3 wi (1] prog,[ cssi vcl y mom complc.tc.  hardware
{icvclopmcl]l but it was nccmsary to gc.t the,
tinm on Ilm electronics an(i to assemble SLKII a
coJm Jlcx tnc.chanicd systc.in. ‘Il]is phfisc
stalled wit}] llIC initial ck]ivcrics  of tlm l)owc.I
and at(i(u(lc  a n d  in fonnalio]] I))anagc]]]cn(
(AIM) clccttoaics aIKl cablin?,. Wc tllct)
inlcgralcd  the tclccolllllllll  tic:~ti(llls  sukystc.11~
and c.omlactcd subsys(cm-lcvc]  vibration md
ccnl  rifai:c tcs(s to dynall]ical]  y vcrif’y tlm core.
clcdrot]ics for lau[lch wd Iandinp,. WC [IK]I
cntmxl  il]to  a sequential build up of hmiwalc
and sof(walc  ]cading  u]) 10 final l a n d e r
asscll]l)ly i[] Jkbtuary, 1996. Alonr,  with t}lis
build 11]) W C  COIICillCtC(i  6 m a j o r  Sys(c.111  t e s t s

al~(i  soflwarc in ttlc loop. “1’hcsc tests were
coil(iuc(c.ci  i[l ti]c. various spacccmft opcratitig
]Ilocics (c.~. [)lc-launcil,  launch,  muisc, 1;1>1.,
SUI face) an(i were intcn(ic(i  to bc compic.tc
Cll(i-tmcnci tc.sts.  1 ‘or example, the first two
systc]n tcs[s usmi fright S,fW (iciivcrc(i  with
(icvicc (irivc~s, Llp]ink,  (iowalink ami at(ita(ic
collttoi.  SoIIK scicnm, some 1 HJ1, an(i some
fault protcdion  c.al)at)ilitics  w e r e  a l s o
i]lclu(icci  wi)ic}l  aliowc(i  us (0 ]Jc}fotm
])1 ilnariiy launch  all(i craisc pi)asc tcstillg  a s
wcli as initial 1;111.,  surfmc an(i rover tcs[ing.
‘1’ilc  Icslllls of tilcsc tc.s(s W e r e  Cxtl’cmc]y



valuab]c.  in dircding  s]mcific chaIJgcs  ill fligl](
S/W, pal (icular]y liI)I,.

OIICC  (Ilc l:illdcr  w a s  C’omplctcly  asscll)t)lfxl

(1 ‘Cl). 96) W C  ClltC1’C(l  Ihc cllvi[cJ[lll,c.lltal  and
f u n c t i o n a l  Ic.st  p h a s e . ‘J”hc  llardwarc  w a s  built
u]) sc.quc.ntially  frc)m lmdcr  to cn(l y vc.hic.lc  to
c1 uisdlaunch  confifiuraliot~  (SCC I;i/,tlic 2). III
IIlc  lau Ilch  Configum(ioli  WC COI)({LICLC’.(]  thC
syslcm accmst ic, 1 iMl tests, the spill IMlancc.
llmsurcdncnt and lk c . m i s t  sola~ tl]crmal
vacuulll  tests. ‘Ilm acoustic (cst was wi(l~ou(
illcidcm[  but (k solar t}mmal tcsl s}lowc.d  2?
siSllificant  pmblcms: tk so]al array was

running  30C~ hotter than prc(lidccl,  lcsultiIlg  i[l
lower voltages tt]rouf@lt the IIiission and
lhC1’CfOIC IcSs power, :illd the plo]mll:tnt liIlcs

(0 tlIc thrus(crs  were running 20(: too cold,
‘I”hcsc  2 pmblcms arc related (o a lack of
detailed modclin2  of the significant block:tgc
of the bad of k solar allay dLIc. 10
propulsion and c.lcc[roJlic harctwwc. ‘1’llc
pmpc]lant liJlc tlm’Jnostals Wcse JlOt
adcqualc]y  iso]atcct  from the 1)01  solar amy

which  causccl  (k the.rmoslats  to bc off  wllilc
line.s sccii]g deep space got cold. I’hc.

propc]lant  1  i  J)c pmbleJl)  w a s  f  i  xd t)y

improving the blanket design atd adding
pal abo]ic  rcflc,ctors tlmt fuJl})cJ isolalcd t h e
propellant lines from the solar al ray  Wc llacl
c.nough maJgin m swallow the powu  loss.

At tlm sta.J t of this pbasc wc WCIC  about 8
months  fl om laud] aJd lhc sof’twam suite
now included 9(Y% of its rc.quilcd
fuJlc(iollality. WC tlU3U@lt  W(: WCJ”C  iJl

software tlcavcJl;  wc said nobo(iy [Ia(l CVCI
Ila(l tl)is n]llch flight S/W in place this Gwty.
SySkJllS  [(X[S  ~ al]d 4  JIOW iJIC.lUdCd ftl]] 11]>
lauJlch and cruise tcsling  inclu(iill:,  p]uf,s-out
(csts aIl(l IX$N cx~Jnpatibility.  1{1 )1, was run
wi th  nmJlilols  oJl all pyro events [0 vuify
corrwl  tinli]]g and Jnultiplc  s[]rface scqmnccs

WCIC J’1111  illC]ll(]i  Jlg filLllt  ]~IOtCUtioIl all(l

conlingcmy  scqucmccs.

l;ollowillg  the cruise thcrlna] vacuum tcstillg
wc now siJliu]alcd the missioJl scqucJlcc b y
firing pyro rc.lease cicviccs  aII(l  (iisasscJnblillS
IIIC spacecraft. Wc ended (his pmccss with
tk Iandcl”  o])cIIc(], OJ) lhc  flooJ’  of JI’I .’s 25 fl
space si[nulatoJ chambc.r to silnulalc  h Mars
surf am coJl(litions. Wc used all 8 tol  J (iN2,
atmos]krc. ((llc first time a cold wit]] tcs( wi(h
aII intcl  IIal a[Jmsldwrc  had ever bc.cm rLIJl) and
con(iuctui tcsls iJlcludi J]g diurnal cycles aJld
steady sta(c coJditioJls. ‘1’hc.sc. tests illcludcd
tllc rover wakiJ~g up on Sol 1 and (lJivin~  off
(Ilc INldcr ])c.tal. ‘ibis test vcl-ificd the SUI [am
lImdcl  prcdicti(ms very well.

II was now Ju] y, 1996. WC, had compktcd  all
0111  cllvil’OJllllclltal  tests, WC had 99% of 0111’
fu]lctiona]ity  in S/W ad wc. again conducld
a full UJ),  a!] IIfw  in [ t ic  loop,  Clld tOCJK[
nlission  tcs[. As in all the previous tests, wc
foum] pmb]cms wc Dcc(lcd  to fix. IIy (l~is
(ilnc the. snv 2tIIC! cJ~gil~ccI-iJ]g  modcl tcstbcds

WICK?  mJlni  J]f, about  24 hours  pm’ day with
fixes, rc.tests ancl robustJlcss  tcstiJ]g.

W c  shippcc:  tllc !anclcJ  ancl acmshcll/c~ uisc
aSSCJllb]i CS by tl llCk  to Kc.nnccly  f$J)aCC (:C.JltCJ’,

lcaviJ)g  at Jnidr)ig]]t  on  AugLlst  J O(h (2 w e e k s

a h e a d  of our w iginal  ship date)  and arrived 60

hours  l a t e r . I caving car] y gave us nmrc
nmrgin for asscm]bly  aJICi allowccl  us to irmJl
another cd-to-cd systcm test at KS~..

At KS~ wc now s[arlcd the full up assci~lbly
lmmc.ss a s  w c  had bad in 1 ‘ct)ruaJy. ‘1’[Iis
])~occss  staltcd  wi th  tllc landc]  tori) (lowII to
its clcctroJlic  chassis for vcJificatio  Il of ~mwc.J
Jdays aIld rc’.J)1acillg  2  fllscs that }Ia(l t)ccw
blow]] (See “Sof(warc can hurl llardwaJc”
tmlow). We il~sttillccl  the flif$t  battery OJI the
l:illdCJ’  ~JICi Jwlioisotcq)c llcatcl’  units ii~to IIlc
mvcI and sla~ [cd CIOSC out opcra[ioJls  W(M k itlg
8-12 hOllJS  I)(H d a y ,  6 d a y s  a  W e e k .  W c

COJ1l  J)] CtC(! Crl(ly vcl]iclc assembly 011 ()(:( 14,
2 Illonths aftcl arrival.
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Wt]ilc.  tlic spacecraft was undergoing i[s
Icstit]p,  at J]’],, t]lrcc ]1]>]. sLIbsystcms  were
c.onlplctitlg their qLlalifica(iorl  tcs(ir~g. l’hc
lMrac]ILl@ RAIJ r o c k e t s ,  airbag, and 1 adar
altilmtcr  coul(i  not bc fLlllctioldly  tested  ill
Ilm A’1’l 0 cnvim]mcnl,  so this work w;is
d{)m III l):irallcl with A’i 10 aid the qualiflcd
har(iw:iic  dclivcrcxi  to KS[;.

‘1’lIc  ]mrachutc  qLlalification  program w e n t  o f f
withmi( any problems. 111 fxt, t h e  Vcrl(lor,

l’iomcr  Acrospac;c,  was so confident i[l tlmil
dcsi~,n  t h a t  t h e y  sLlbjcdc(i  ot]c o f  (}1c
qLialifica[ioll  Llni(s  to a clyilamic  ovcrprcssLlm
test of p,rcatc.r  than 3 times flight limit load
:i])d the parachLitc  sLlrvivcd  Lintlamagccl.

‘ 1  ‘Ilc rocket  M stcd dccclcrat  ioJJ (l/Al>)
Slll)SjWtCIll  LISCS 3, > 1 5 6 0 0  N - s e e  impLllse
rockets, based on Titan solid mckct boost cr
selmration  motors and Llsitlg space qLlalific(i
plopc.l]al)t. ‘1’hc RA11 rockets cxpcricncc(i  a
unique problcm dLlring a live fire drop lest at
~:i]il~a  1.akc Naval Air Warfare CUcntm.  Wliilc
using, a  simulatcxi  t)ackshcil, a  sc.t of fli@t
cotlfigLll  atim rockets cxpcricncc(i an
imlabiiity whi le .  l> Llrning; this rcsu]tccl  ill
hi~hcr  chambcl  prcssiircs  an(i an ear]ic.r
hlrllollt  of the m o t o r . After mLlc]l  :ina]ysis
an(i (iiscLlssion  with cxpcr(s  it was (ic.cidexi
tilat  ti~c only mam)ablc  fix was to imrcasc
the fr:ictioa of aluminum in tim pmpcliant
b:ie.k u]) to 16% fi’om 2%. Wc ha(i I’c(ilicc(i

tk Ai Icvcl to rc.ciLlcc cC)lltalllill:itiC~ll  o f  l}lc
surfdcc f o r  scicacc  n]c:isarcmca(s. w c
or(ic.rc(i tile. fiip,ht  set of motors bLlilt  with ti)c
] 6% Al aIKi  i)mccc(iccl  to t es t  oL i r  iast set  (3)

of 2% ll~otors  ill the same silntilatc(i backsi)cll
Wc lla(i  Usc(i b e f o r e . we t e . t i l e . l ’ c ( i  t}lc

asstml)iy  ratlm  than (Imppit)g  i t  s o  w c  coLIi(i

fLlliy instru  Incl)t  i l . l;mlunatcly o r
lillfmllin:itcly,  W C  Coulci  n o t  Iqm(illc.c,  ti)c,

il)stability. Wc took OIIC find  step to

convii)cc  oLImlvcs  wc wcm OK, WC took the
fii~,i-lt  spare backshcl] (graphite comi)ositc
witi]  tilCI’iNi(i  ])mtcctioil  m:itcria!s  fij)plicd),
lozi(ic(i  three 16% Al rockets into it ami fircci
(Ilcil). ‘1’ilc.  tJLllll w a s  nc)mina],  no siga o f
il]stabi]ity. WC wcm fairly confi(icmt  tile, c.orc
])] oblcln had bc.c.1] all iIltcractioll bctwccl) tllc
I])o[or (iy[liimics  :imi tile test structure. ‘I”hc
flight struc[urc was mLich bc[lu (i:impcci  wi[i)

vciy Iitflc tralislllissioll  of cnclgy  f rom onc
Itmtw (o tlm O[}]cl.  ‘1’hc c] Lialific:i(ioIl  set of 6
Ilmtors also pcrf’omcxi exactly as cxpcctc(i.

‘1’hc. airbag, subsysicm  ((icsignc(i by J]’], ami
buiit hy Ii,~ 1  k)vc.r)  i s  a  colnplctcly  ncw

(icsign  wl)ich  u s e s  g a s  prcssuri?}c(i  Vcctlan
h:igs. ‘1’lIc ~as gcncralors  (hilt  by ‘1’hiokol)
])lcsslirim the bags to 6800  p.mzils ( 1.0 psi).
‘1’llc 4 airbags clIvclo]J  [hc lamim atlci cLlsllicm
its ian(iil]g  at a velocity of aboLlt 25 m/s on the
rocky Marlian  Icrraiil. “1’llis  (icsiga complctc,(i
qllalifica[ion  at 1.cwis Rcsc.arci]  Ccmtcr’s  l)lum
IIlook St:it  ion. ‘1’lic  test pmgraln star(c(i with
a fLlliy  packcci  bag assmbiy w h i c h  h:i[i
c.xpcricncc(i  plal]clary protection bakcoLlt  as
wcii  as full c.]~)~irolllllcl}tal  qLlalification.  Tim
bag was i)laccci  in a col(i  cimnt~cr and infiatcxi
Llsing ti)c Sas gcllclatoJ’s  (thcm tlLl~C  b a g s
illfiatc in at~oLlt 0.5 sec.)

‘J’his asscmb]y was then taken to the wor](i’s
la[gcst vacuilm cl)ambcr (pumpe(i  ciown  to 8
tol r, MaIs :illibicnt) with 120 ft of vcrlical
}Icigtlt  :ill(i  1()() ft working fiool sp:icc.  1 lcm
tile full scaic assclnbly  (4 sc.gmcnts forming a
sldicroi(i  wittl  ovcdl  (iiamctc.r  of almLlt  5 m),
~~r:t~ (ilol)l)c(i  onto a I ock ficl(i Icprcscl]lat  ivc
of tile  cxpcctmi  l:ii~ciinf,  site, A vertical  s]xmi
of ’28 m/s W:is Sclc.ctc(i  as t)oLl[ldil)g  1 O()% o f
tiw cx(cmsivc.  hflonte (:arlo simulations run of
tllc  lmt(iing  plccomiitions. 111 or(icl to
sillluiatc. tim IIoriz,ol]tal  vcloci[y ir] a  vcr(ical
(iroi) test, the iocky sul Fdcc was mtatcci  (i)%
off” tile rim)]’. A filial set of Ictractioa  atl(i
1211(1(3 dcploylmmt tests Wclc aiso CO1lCiLICtC(i



lIII(ICI rca.lis(ic  rock slrcwn tcrmin al)d cold (-
1(N (~) coalitions.

5. l.I;ssONSl, IiARNIiIJ

hjars l%lllfirldcr is onc of the first of NASA’s
lllissions ilnplcmcnted  u n d e r  dlc “fas[m,
bd[u chcapct” (lil][~)  paraclign~. ‘J’lm
technical and }Jl[Jgratllllla(  iccllallcl)gcs{Jf  this
lnission  dcvckq)mcml arc significant. ‘1’IIC

dc.vclopIIIcnt  lmrio(l  h a s  bcm 3 ycats. ‘1’k

cost cxip  is $1’71M (real year $, not il)cl  L]dinp,
lawd  vdliclc, m i s s i o n  opcmtions  or t h e
rover), of which tllc sl)acccraft,  not including
the rovm am] instruments has spmt $135M.
‘1’tlc logical comparisor~  is to Viking, which
was a6yca~”(lcvc.lo]>l]lellt  which today would
cost >$311 (Viking was the most cx]msivc
]~lalwtary spacc mission c.vcr accmnl)lisld).
‘1’hc fundamental c[i f fcrcnc.c bctwccn
l’atl~fi]l(icl:illcl  Vikil)g istllcal>llloacllt  olisk.
l’att]fitl(lcllllllst  take risks that arc. mt ty])ical
fol planetary spacecraft, inclu(lit)g a ll~tiiuly
si])~lc string architc.cturc, non-class s
clcctmnic par[s a n t ]  limi[cd  ClocLll])c.[l[a(ioll.
of Cmllsc., the. mission must a l s o  bc
Successful. Ways of doing business, Itlany
(trot maclc.  perfect sense 30 years ago, were
uscct thal sigtlifican[ly  rcduecd dcvc.lo]mw.nt
lilnc. and cxmtrollcct costs while  still assulinf, a
highly rclitiblc vehicle. “1’hcsc “new ways of
doing  bllsincss” arc highlit,  h(cd below ir~ tl]c
forfl) of lessons Ical’llcci,

‘1’hc cxcitcnlcllt  about t h e .  missiol) and lhc
l’reject’s coln[llitmc.n[  to “rcinvcn[ing”  ways
of (ioing business attrac.tc(l  many of .1I’1 .’s best
atd brightest. la s])itc of the long lWUIS aii(i
Ilar(i  work, 1 head  from IJlat)y pcop]c  thal  [his
is t IIc best proic.e(  lhcy had c.vcr workc(i o]).
Yh(’ S14(”C(’,YS of the Mars  l’a[lljitld(’1”
dcvdoptletlt  j)l”ovcs the old mk!gc 1/1(1[ th(’
~ighl tcat)l of n[olivatd Ix’ol)le, }t)ltrtl givcri  a
rlca?” 1((I get (111(1  the ICS014YC(’.V,  call do al?tlmt

{I)tytlling. ‘1’his ~)rojcd p r o v i d e d  m
opportunity 10 significantly cxpm(l the
c.xpcric[u  tmsc. o f  a  numbu  of cmgimcrs.
Mally dcvclopc(i  t o t a l l y  ncw ski l l s  in an
cllvimnmcnt  whel c no experience cxistc(l at
.ll)l, (c.g,. 1~1)1., ctltry d y n a m i c  s i m u l a t i o n ,

s u r f a c e  opcratiot]s)  aIJ(l  ttmrchy  i n c r e a s i n g

Illcif v:ilm to fu(uw projcds.

IIards-on m{l}lagctnoll  i s  c.v.wtlti~il f{)t I;IIC
I)rojccl,v. 1 hII il)g the integration ald test (1 &
‘1’) phase Illc l’rojcct  operated without
il]dividua] work package.s but instead relied
OII ddaild  t e s t  schcdu]cs,  workforce  plans
and Iicm Iisls to track progress and t) Lldgct.
1 lands-m lcaclcrsllip allowed this approach to
work. IT) (icpth  Illlclclstar)(litlg  of the technical
dcsigtl, kllowlcdgc. of programmatic
I c.smrccs,  and ktmw]cdgc of margins [most I y
II]ass) allowed fol rtipid  decision making,
savi[l~, t i m e  ad nmney. 1 lxtcnsive  track
s[uclics wcxc not nccctcci to make b a s e l i n e
Cllmgcs. Real time meetings and mc.mm
wc.rc. usc.cl to nudcc. and d o c u m e n t  IIlany
decisions. ]n tl]c latter phases of intc.gration
and test, we established a change  coJltrol
pmccss to ]i)onitor afld limit the scope ald
n u m b e r  of cllangcs to assLmc bct(cr idCiN
didn ‘t prcvcmt us from finishing the ncccssary
tasks. “J’his board was maclc up of the l:ligllt
Systcm, Scicrlcc., MOS, GIM and ROVCI
lllanagcrs.

A  -flat orgatlizatiojl Stlli{:tlllc [WI t h e  co-
lom t iml of l)i(ivlag(v?l(? tit, .Vy.vteitl.v,  i i  JAI,
gIr)14iId  dat{i s)’,vtctil [IfId lili.r.vioil o p e r a t i o n s
1~[1.v Icd  to mccllalt ({)))lt)l[i)lic{lti{)?l  [IrId rapid
~)r{)l)let)l re.vo[utiotl. ‘J’hc. project-lcvc] fli~,l  lt
syslcIl)  lnanagcln(:Ilt  was OJ) a first Ilamc basis
willl nc:irly  cvcI y  ]ncmbcr of t h e  tcalll,
including  cog,nizalll  c[lginccrs, dcsifylcrs aid
tc.cllnic.ians. Kc.y decisions were ab]c to Iw
II Ia(lc  q u i c k l y  bccausc  the managcmcn[  lca~]~
haci a detailed Llmlcrstancling  of  s ta tus ,
1)1 ol)lcms, ptoblctn  ramificatic)l~s  and could



wmk with (Iw cognizanl  ellginc.crs  to rcsdvc.
]woblcms,  either Icct)l)ical  or programmatic.

A)) {ilmo.y}tcre of q)(vule,w, Immvty  [itd
prYsotI[i[ tc,vl)c)tl.vil)ilil)l  !)>} evrty ttjftt~hcr of
file ~efi~)l  i,! f.wwlial. “{’k Icvcl  of illtc.grit  y
aid colnmitmc.  nt of cvcryonc,  m (hc [cam

lIclpcd  lts firld atl(i wmk (Ilrough  ]mblcn~s  ill
lccod Iimc. SomcliIncs  il sccmcd l i k e  luck
ltlat a problcm  ]Mcscmlcd  itself but mom oflcr]
that) not it calm from pco])lc  going jus[ a lit(lc
bit fur[hc.r,  l o o k i n g  bcyo]d lhcir owtt j o b
responsibility, (0 fincl a subtle  pmblc.m tl~at
could have bum serious if not molvcd.  ‘1’hc
nigh reliance 01] inc]ividua] team mcmbm’s
Icllowlcdgc, and commLlnicalicm  s k i l l s  clid
lla.vc  a breakdown. ‘J’hcpmblcm  of tllc So]al’
:il-ray r u n n i n g  3(K; too IIc)t ancl tcsultinf,  in
l ower  vollap,cs  tlmmghout  Ilm missioll  was
])rilnari]y t h e  result of a c.ollllllllllicati{)l]
l)lcak(!ow]ll  ~ctwccrlt  f!’os]lccialists.  ‘J’hcsol:ir
ar ray cognizan[  cnp,incct  wanlcci  the most
])l{Jl>:tl>lct  cIllj]clatllJc  ancl the thermal analyst
gave him the worst case cold.  Ii] spite of
asking Illis c]uc.stion Inultildc  ti]l]cs  the aI]swcJ
still calm  back wro])g. ]f;vc~.y~)l~,  )v}jel)loJ”
)l(ir(l~t~(irccilgitlccr)  citl[lly.vtc)rtttatt{igcr, nl{i.v(
wc[ir the l)iggcr  .vystem }lat and lo{Jk bqy(JIKl
hi.f OMVI irltetf{icclv[)cciiilt~r  10 lM sure  IIC
l{mlcl”.vtfltds t h e  Oth’t guys ploblet?l.d
qt(e.vt io]l.v.

Ii) 1{ l[irgc cxtatt {Ic)<:tl))l[’tll{itiotl wis IICd
driiy>jl  <illd it~fbrm(il. 11’ll?ther,  IVC ]d[i(wl  (i
high i(’li[iflc:e  [JI1 itl(livid[({il tc(ini met)tlwr’s
Ili!owl(dgc, c:o])l))z[4tli((i[i[)\[ skills (111[1
cottlittitt)lclll  to IIIlikc’ sl(rc thitl{:s d id  )101 f[ill
th)wugll  Ct’cids’. liOJ intcgratio[l and test ttlc
JICCd fOJ ~OO(i  ]MWXXhll’(%  WaS (kbatd. ‘1’tic!
conq]lcxity  of the  mccl)al]ical asscmb]y, tllc
JIc.cct to fully disassemble and rcasscmb]c  at
KS(: didatcd  v e r y  g o o d  pmcedurcs f o r
JmdlaJlical  asscmb]y aJd t e s t . On ttlc

clcct  Jonics test side, the ]mssil)ility  of using a

streamlined lMOCCCIUIC  was cmsidcml  but not
implclnclltcd  due. to the tools ancl approach
:i]J’Cdy iJl  @21(: C.. ‘l”llc  cIlf,iJlmJiIlg  Chmgc

contro l  ])l’OCCSS ~, C. J) ClatC(\[)Jl]y~d  }hgimcring

(laugc  R e q u e s t s  a n t {  1 0 1  soflwarc. clla.J]gc
]cqucsts.  IXlliJlg  t]]c cJltirc Arl’l.O phase  tllc
Illlmbc.r  o f  c h a n g e  rc.cplcsts  WI(I problc)ll
lC])OJ’tS  W:iS  l(v[l:llktt)]y  ]OW. J)lot)lcm  J’C])OJ’(s

c.amc fJo]n [hc flight syslc[f] ( spacec ra f t ,
scimcc, Iovcl’), tc.stbcd amd m i s s i o n

opc.rations  tcsti J)g. ‘I”llc:  total n u m b e r  C)f
])rob]cm J’C])CM’(S  from A“l’1,0 WC1’C 229, 63
fmln ]{ovcr, ald 514 fJOm the (cstbcd for a
total of 806 pl”oblcm J’CJ)O1[S.  (31J’  b ig  sistcJ’
{;assiJ]ihasovcl  3,000  ])R’sall(] l]aso]~c]~l~]~
year of A’]’].0 to go.

l;{iving {i .Vt[itc-[(f-t}l c-(il”[ pl’c)cl’.wor (ml
Jt’riiitlg iti ‘C.” iv{i,v e.v.se)lli[il  to Co))lj)letillg  I}IC
sofiwfirejob. II I  spi[c dour ca~ly  succcsscs
wi(tl sof[warc dcvclopmcJ}t it was still a race
10 the finish tocomp]ctcall  oL1rclcvclc~]~ll~cJ\t,
testing ant] retesting. Wc used tl]c tcstbcd
c. JlvironmclJt  cxtcJlsivclytcl  verify all sof(ware.
~l]~clatcs l>c.foJ(:lo acliJlgtllclllc)ll  thcspacccraf[.
Wc also usccl dlc tcstbcc[ for a wide ran~c of
off-nominal and 10bLIS~JKSS  tests. Sof[warc
(CtiJll Wrote ovcl 155,000 line.s of Coclc not
including  tl]c VxWorks opcratiJlg sys(crn.
‘l”llcorigiJlal cstimatcwasatmt  20,000. ‘1’hc
cffcctivc  rate for the software. tcaJu was about
2% 1 incs of bl)g free flight coclc  pet pcrsoJl  pcr
day (this is probably a Jccotd). ‘1’hc S[w
dcvc.lopcm cJ]clcd up acldi Jlg a lot c)f features
that g a v e  us Inorc flc.xibility  but maclc i t
I1:IIC]CJ” to tc.st fill(i  VCJ’ify.  Wc WOLl]Ci  lla\’C
liked t o  I)avc.  JIIO1’C tl)all  t h e  6 h4bylc!  o f
lilil’}{0h4 t[) StOJ”C  CJUJ’ tWO  fll]] iIIRf&  O f
fli~,ht softwalc. Ovcdmad  dcJnat]ds  of  the
olmati])g SjKtCIJl 011 tllc. 1<s(:-6000 ploccsso]
]) Ic)lmbly  tcsultcc]  iJ] al] cffcctivc 12 h411’
Illachi  Jlc out C)f 2 0  h411’c.law ]) J’OCCXSOI.
hrc~~r  [{t[{le~c.~tii)~{i~{~ thr size of {i .vofhv{irc
t(i.$k. WC CC)U](i  !HiVC USC(I  1-2 J J 1 O ) C  PcX)])]C.

Wc ]C)St  ~ kcy plO~J’aJlllllCI’S  tOW;tJd  [t)C CllC\ O f



ttlc development (0 ncw oppor(uni(im  ill (hc
IIay Area but 2. of them commuted back to
.I1’I, 10 lIcI]) us finis]l  lhc jol~ and fix some
ccmq)lcx  pl”oblems.

AltlIough  wc cxpcctcd  that our lal gcl y single
stril)g S/(~ Icquircd  much less fault prolcc(iml
dcsi~[l  ald  dcvc.lopIncnt  ihan otlmr spacccrtift,
it made u]) for i{ it] [he relatively conll)]cx
testing, a.ad validation o f  the soflwarc.
I’itt!lfilldCl  }Ias only IWO major PdLlll protcc[ioli
algorill)tlls: command 10ss and ballcl y

disc.l)arr,c.  control.

I he use of o well  Ihmwl,  cottll?lct[:i{ill>~-l  ~{i.ve{l,
clcclron ics itl tc)f{icc  ( VMli) cincl rc{il - t iInc
OjWV[i  Iitlg .%J~LVtC})l  ( VXWOrkS,  by \4~iJl{]  Rivpj
,Yy.ytel?ls)  workc[] well. Oncc ttlc fitlal  vc.1 sioll
was dctivclc.d  ill Ap’i], ] 995 WC. had on]y one
major issue, which was a task scheduling
cnor  ll]at was difficult to find and whic}l
Wind River Syslclns  worked closely wilh us
to isolalc ard fix.

,f’oflw{ire  c{itl }I14r[ lt[irdwore so ttilikc  siirc it

docsn ‘t!! We discovered, after co]nm it t i ng to
the syslcni design, that our wavcguidc.  tratlsfm
switch (W-l’S) could not he left powered fo~
mom than about 2 minutes without  burning
out the  Iotor winciings. Wc designed m]]
software. to p]c~lcct  against such al] itlcictcllt.
1 lowcvcl,  a semi-pathological condition
occurred duling surface f a u l t  plotcctiol]
lc.sting in which the software Cmmlnaadc(i  a
rcsc.( of ttlc W’l”S but was inte.rruptcd tw.folc
commanding it off. ‘1’his would not l)avc bcc[i
a prol)lclII  if tllc fault ]mtcc.(ion I}ad I)ot bcca
using a WI ong paramc(cr  which caused tllc
S/[; to go to sleep for Iwmy millutcs. As is
tyl)ical  iu these cases, it took two crms 10
cleatc  a sC] ious pmblcm, but wtlcl c  such
s(atc.s can occur they aln~ost  tilwtiys do OCCUJ.
liollowillg  (his incident wc built a hardwalc.
circuit to ~mtc.ct  the. \W’S a n d ,  sillcc.  w e

c.ouldll’t  conviime ourselves that the software
couldn’t bite US again, imtalld  it.

Ihc cxlcilsivt ii.ve o f  c]lgitlce ring mdcl

Il{il”dw{il(!  .fbt dcsig]l Iwt:forttlotlcc [iild
c]ll~il.{)ttt~lc~lt{il  qual~fic{itioii  ktwrkd cxttcmcly
~tvll, Wc did ]mt have a sil)~lc board or past-
lcvcl Pdilulc of ally flight  hadwmc  durillf, (IIC
A’1’l O phase. ‘1’his saved us ul]told tim m)(i
IImIIC.y and JIIay have bcc.~1 (I]c single most
imporlant  Pdc.tor in slayil)g within t}m cost and
schcdu]c  constraints.

171C! live Oj .Wp-ir[itc  n/w [iild WV te.vlh[!ds .f{)r

dcvelopttlctlly It o[(blc shoofitlg  {Itld nli.v.viotl

opcr(it ions scquiwci? valid{itiotl is c.wiwl  i{il to
ttuiitll{iitling cost {itd  .whcdlilt’. “1’lme two
Colloca[cd tcstbeds  a l l o w e d  11s 10 Inaifltiiill
simul[ancous  S / W  dcvclopmcnt  and tmt
c.]lvil(~!llllc.llts,

.V[{ir[ittg  (J14t iissml)ly,  test and l{illll(h

ol)ct.{itio)t.v  (A 17.0) I)ltcisc erirl-y  ({iJI {iggressivc

IA’ motiths cif[cr  ])u!jcct  st{irl, 18 months
{wf[>m lciwch) pflid  oJf well. Wc. a c h i e v e d
over 2700 ]) OUI’S  of system test time (p]ailncci
for 1000 hrs with a goal of 2000 }]rs).

OtIcc we com]dctcd  our a n a l y s i s  o f  tl]c
Comptltcl’ dynanlic m e m o r y  (JX{AM)
] adia(ion sctlsit ivity, W C. were fi~ccd with a
large numtmr of potential single event upsels
that coulci cause double  bit mors ancl hence a
]c.set of the coln]mtcr. lly design we arc using
tllc rc.set (wa~ m reboot) as tlm mechanism to
couc.ct  all  software a]]d many hal dwal c
I“clalc(l  ])1’oblcllls. 1 lowcvcr,  a worst case
fmqucncy  of 1 Sl{[l pc.1 (iay is higher  than our
worst cxpcc[atiol)s, We ]nadc one significant
S/W modification bccausc.  of this conccm.
Nor]nal]y, if a ]M,gc of Incmlo]y  has a double
bi[ error wc dccla[c  a reset,  throw tile had
pap,c away al)ci dump all the memory pointers.
We modiflcd  tl)is a[)l)roacll  to  a l low us to
rebuild tllc. nmnm y poiuters  around  the bad
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I;igurc 5. Obli~atioJI l’lans by l’lan IMtc

]):i~C and tbmby  Si3VC tbC  11 M31K31’Y CO1ltCIltS.

‘j’llis is pat(ict]]arly  v a l u a b l e  foI SUIFXX
operations wbcn significant data is storc(i in
the 95 Mbyte data s(oragc  area of [bc 128
Mby(c  IIRAM IW31101’y.

Utl~Jrcdiclaldc  risk is han{ilcd  b-y c.vt{lbli.rhitlg

(it)d njmlagi]lg pmgrawmtic aIMl t e c h n i c a l
)“C.VCI”  V(’,7 ([’. g. , 1?1{1S’S, IXNt)C~ jPK’11101’)~). ‘1’hc
ini[ia] budg,et rcscrvc WaS >40%, I$42N4
against a $ 100M SCO]JC  for the s]mxcraf(
systcvn, a~,ainst  w h i c h  all the. Icsc. rvc \\’as
])laIIIKxl)  an(i  iI)itial  schc(iulc  rcscrvc  in A’1’1 ,()

was >20 weeks. Al this (imc. wc am down to
our iast $300K” an(i 3  d a y s  o f  scllcciulc
1 Cscrvc, wllicb sbolllLi  prove. a(ic(]mlc.
l:i~urc 5 shows our obligation plans  for each
fiscal yea  as a function  of consecutive ])lms.
Slar(illg w i th  our first plan it) .luly ’93 you can
scc [bat it wasn’t un(il the starl of I;Y ’95
((M.  ’94, C;IIR was in Sept. ‘94), tlla( we i)a(i

a (ieccnt c.slinlatc  of what was abcad  anti ttmn
wc still missexi  it by about 1096. ‘1’be cost
lw.rformancc  o f  tbC various  SLlbSyStClllS call  I)C.

sccII  in l;igLm  6. ‘1’hc me.clja~lic.al  and lil~l.
sulxystc.ms  were the major u scrs of reserves.
‘1’his w a s  p r o b a b l y  (hc I]m(  complex
l[lc.cl]anica]  s~mcccraft  JI’I, tlas ever built. ‘I”l Ic
IItain (irivcr for the. mcci]anical cost growth
w a s  l a t e  intclfacc  dcfinitioll  d r i v e n by
c.volvins 111>1, subsystcm (icsi~,lls,  particularly
tllc airbag,s, Scicmc  all(i tOVC,I  i]ltcrfacc,
ct ]angcs were. also a (irive.r.

h4aw  growth h a s  l)CCI) a coI)s[aIlt  probkm (iLlc

])1 ilnari]y (0 tllc unknowns  in (hc lil)l,
(icvclopme.nt, ]mrlicular]y  tllc ail bags, an{i
t}wir cffccls 0]1 the mc.cba[lical  in tegra t ion
ha[dwarc. l:igum 7 si)ows the mass time
ilistory for (Ilc clltry vehicle.. 1 ‘rem mtr 1)1)1{
to St:\[”l  Of A“l’1  ,~ ti)C IIIaSS ~1’CW all

ll~lbclie.v:ib]c  37 %. ]:mm sta~t  of A’I’1 ,() [o
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IJigurc. 6. Subsystcln  {;ost 1 listmy

final spiJl b a l a n c e ,  t h e  m a s s  g r e w  an
addi t iona l  13$Z0. Much  of (he. mass growth
af(cr the start of A“l’1.0 came fmm allaxting

aviiilab]c rcscrvcs [0 mostly  1~1 j], subsys[cms
t o  incrc.asc  mbustncss. “J’hc. final ballistic
coefficient is 63.0 (Viking was 62). Jt) cmh to
maintain control over this cJitical resource the
1 ‘Iigl]t  S ystcm Managcx personal] y managcc]
the mass lisl and made all calls on mass
incrcasc/  rcductioas.

Any mission dcsigtmt to land OH [hc surface
of a plaint from spat.c carric.s wit]] it higher
inlmcnt  risk than a fly-by or orbiling  tnission.
“1’hc r i s k  c o m e s  Iargcly from tllc. mitly,
dcsccwt, landing  aml surface opcratiol~s  p]]asc
w h e r e  IIIC colnplcxilics  o f  t h e  rcquitcxl
llardwarc/  software and the unccrtailltics  in
the.. cnvi[onmcnt  (e.g. atnmphu  ic (icnsity,
]anditlg site conditions) make suctl ]llissions
as clmllcllging  as they arc intcrcstin~. ‘1’hc
1;1)1, tcs[ program was co[nplctcd  in .iunc,
1996 (wiltl  the final qualification testing” of

(IIc. RAl> rmkcts),  but t h i s  tmt ]mgral~)
c.volvcc] and grew siguificantl  y from its stm [
over 3 years ago with scale model airbag
(cstin~. ‘1’hc Wllo]c  1;1)1. [Cst  j)logl’aln  llscd

full scale au(i appropriatc]y  scaled llardwarc,
testing multip]e time.s and involved a wide
variety of test conclitio~w.  We tied these tests
together with a sophisticatcc]  set of M o n t e
Carlo analyses. A full up, end-to-end test
(i.e., starting, with a high altitLldc  parachute
deployment g,oillg all the way to landing) was
110[ attempted due to tltc very l)igh cost and
limitc.d value $ivc[l  the prohlcms  ill testing in
ttlc  1 {ar[h atllm]dwrc.  and 1 ;arth g] avity. ?’hc
[l]j]~l[)[{c”ll {(f Iot.v [(f elet)lcrlt tc,vli?lg l i e d

togclhet \t’itll  a Mmtc Carlo II1OCIC1  SC CIH.V to
Ilr (llc Ix.<t lwssible  Jv[iy t{) desig}l  10 a .vcl of
cotlditioll.f  Jvllic}!  c(l?ltlot )M Jilot.vf c[i.vpd.  I b i s
nl)l~waclt  i.s t’.~.vc}iiial M’hct(’ 111P
(ic.vigtl.v/))lo(l(’[Lv rcqliire et)lpirica[ data  mld

il’llrrc Ille dcsigtl w i l l  cl~olvc  tlt ro[[gho[(l the

t(’.v( ]JW~)”(il)l.
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6. C014c  ISJW0N

‘1’hc Marx l’athfindcr  missiol~  i s  tIK
cxnbodimcnt  of fmtcr (3 yc.als from project
s[afl to lauld~), b e t t e r  (3 spacccxaft in OHC:
muisc, c. f}try and lander plus a mvcr) afd
cbcapm ($171M vs. >$3000M  fol Vikinx). lil
01’[1(!1’ to be. successful within ttw  Coflstiairlts

of tl]is ]))ission, Mars l’athfirdcr  has had (o
(kWC.]OJ) a n d implcmmt a . design that
inhcn(ly  [akcs risk without sig,l~ificallt]y
incrc.asillg  the likelihood of Pdilutc.  lfl order
to do this wc bavc had t o  d o  rnal)y tilings
diffcfxmtly  frolll  missicms in the. icce.nt past.
Wllilc ttlc dc.sign i s  not fully mcil~lldanl,  (lIf2

l’rojcct hasmitigatcc]  risk byitslo[mst  dcsigl~,

CXICJKIVC  hx[ program (over 2700 Imuls of
systcnl  (cst tiltlc.)  and tlmwugh  analysis and
silmllalioll  activities. While. rclllaitling,  within
ils tmclgc(, the l’lojcc[ has taken no sborlcuts
or rcclucl ions ill scope . Wc. have clolm
cvcry[biflf,  wc sc.t out todo  and mole to assulc
a succcssfl  Il mission.

‘1’hc. ])lillmy kc.y [0 s u c c e s s  has lmn t h e
cxce])ticmal ]msonal commi[lmllt  of ltlc
c~ltirc  Mar s  l’atl}fifldcr  kam,  incladi[lg  J1’1,,
colltrac[ms  and othcl NASA cmtcI incmbc.ls,
rxpccially  tlm Icad mlginccrs  and tc.cllnical
mana~cls. ‘1’hc h o u r s  arc lor)g afld t h e
]Jrcssurc. is IliSl) bu[ ttlcrc arc great  pcrsmlal
rcwa[ds  in doing th is  type  of  cllallcllgiflS



Illission. ‘1’hc key is Ihc qua]ily am] qLtantily
of ta]cntcd, cJmrgctic and motivated people..
At tll(’.tilllcofl}lcfillal  cxlit  of this paper, (Itc
M a r s  l’athfindcr spacecraft h a s  bcct~
succ.cssfully ]aunchcd  b y  i t s  Mcl)o])t)c]l
llmglas  l)clta II mckct.  I ,if(-off was 1 :58am,
1 kc. 4, 1996; the il~ject  ion to Mars was ncm
pcrfcc[  and a l l  sut~systc.ms  am o]xmtinr,
n:)lmall  y and within Cxpcml I wlgcs.
landing on Ma[s will bc July 4, 1997 and wc
Ilavc  stayed within the cost capof$17 I h4.

‘1’lm wm k pmsemtcd  in this paper has been
camicxl out b y member s  of t hc. Mars
l’atl)fil)dc.r t e a m  a t t h e  J e t  PmImlsicm
1 ,abora[ol  y, cmltuactor s i t e s  a l l  ovc.r tile.
Lllli(c.d Sttitcs and at NASA’s Alms,  1,cwis
and 1 .all~,lcy  Rc.search Gmtc.lx. ‘J’hc. autl)o]
wisllcs to thank and rccogniz.c the cmtire Mars
l’athfindcr  ‘1’c.am for their outs(ancling skill
aid  comlnitmcnt  which has c.nab]cd  SUC]I  al]

cxci[ing,  Inissicm to be accomplished (so fal ).

[ I ]  IIriall K .  Muid]caci, “Mars l’athfindu
1  ‘Iigl]t Systcm lksign  And l]~~]}lcll~c~~tatiol~,
] 995 11:111; Acfospacc Applications
Confmncc  l’mcccdings,  Jkh. 1995.


